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Introduction. We have been publishing a series of experimental 
results essential in correlating and systematizing factors which may 
possibly throw a light upon developing a theory of the reaction mechanism 
for the Fischer-Tropsch synthesis of hydrocarbons. The present paper, 
being one of these series, mainly deals with the results obtained with 
the catalysts‘*) composed of Co, U;,0,, Cu, Mn and Kieselguhr and 
especially those effects of the reaction temperatures, rate of gas flow, 
pretreatments and promoters, such as U;O0%, Cu and Mn, upon the catalytic 
activity. 


Experimental Materials. Hydrogen and carbon monoxide involved 
in the reaction were prepared similarly as already described in our earlier 
papers"). . 

The materials used in the preparations of the catalysts were nitrates 
of cobalt, uranium, copper and manganese of which quality is as follows: 


Co(NO,).-6H,O Extra pure (Kojima) 
UO.(NO,).-6H.O a oa 
Cu(NO.,).,-3H,.O Guaranteed reagent (Kojima) 
Mn(NO.,).-6H.O se (Katayama) 
K.CO., Extra pure (Kojima) 

Kieselguhr (Purified) (©) 


The calculated amount of these materials were taken for the specified 
catalyst composition, and precipitated by 2 N K.CO, solution as carbonates, 
washed thoroughly with hot distilled water“) at least ten times until it 
became entirely free from the adsorbed nitrate ions and other possible 
impurities, then dried at 100-110°C. and finally made into small sized 
tablets by tablet machine. 





(1) Our Reports, IV, this Bulletin, 17(1942), 166, 
V, this Bulletin, 17(1942), 252, 
VI, this Bulletin, 17(1942), 339, 
VII, J. Chem. Soc. Japan, 63(1942), No. 11. 
VIII, this Bulletin, 17(1942), 451. 
(2) IV, this Bulletin, 17(1942), 166. 
(3) S. Hamai, Science (Iwanami), 11(1941), 518. 
(*) For this type of catalyst, see: S. Tsutsumi, Report of the Fuel Institute, 
Japan, No. 31, 1935. 
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Experimental Procedure. The catalyst thus made was pretreated as 
specified in the tables, and when the catalyst zone was ready for a run, 
a H.-CO mixture (2:1) was passed over it at the specified temperatures 
with a definite rate of gas flow .(4—-8l./hr.); and the gas contraction 
percentage was measured from time to time. 

The reaction products were collected in two separate portions, 
similarly as those described in our previous papers”). The reaction 
products obtained were later subjected to the determinations of physico- 
chemical constants such as refractive index, specific gravity, apparent 
molecular weight and elementary analysis. The effluent gas was subjected 
to gas analysis using a modified form of Orsat gas analysis apparatus, 
for their constituents. 


Experimental Results and Discussions. Some of the experimental 
results are tabulated and graphically represented. Most of the tables are 
self-explanatory, but, for the sake of thoroughness, we shall explain them 
briefly. In Tables 1-8, the gas analysis data for the effluent gas from 
the typical runs for the specified condition of the catalyst V,-1, 
Co+12% U;0.+2.5% Cu+100% Kieselguhr are shown. From these data, 
we are convinced that at the initial stage, the methane formation pre- 
dominates, as often we have called attention in our previous papers“) ; 
however, the duration in which CH, forms may differ depending on such 
experimental conditions as the reaction temperatures, rate of gas flow as 
well as pre-treatments. As regards the formations of COs, we may 


Table 1. 


F.,-A, V,-1,, Co+12%U,0.+2.5% Cu+100% Kieselguhr, 
Heat treatment, 400°C., 4 hrs., (Prior to H., Reduction). 


Reduction, 270°C., 5 hrs. by H.. 
Reaction Temp., 225°C., (4.5 hrs., Exp.). 
Contraction, 66%. 

Space Velocity, 346. 

Rate of Flow, 4 i./hr.; CO:B,=1:2. 


Gas Analysis Data. 


1 2 3 

Co. 0.0 2.0 9.4 
C.H., 0.0 0.0 0.0 
C,H, 0.2 0.0 0.4 
CH... 0.0 0.0 0.2 
0. 0.4 0.5 0.4 
co 0.6 0.0 13. 

H, 97.4 85.3 59.2 
CH, 0.0 9.7 15.2 
C,H, 0.0 ; 0.0 0.0 
N, 2.0 2.5 2.1 


(4) VII, J. Chem. Soc. Japan, 63(1942), No. 11. 
VIII, this Bulletin, 17(1942), 451. 


1942] 


Physico-Chemical Investigations on Catalytic Mechanism. I 


Table 2. 


F..-B, (Continued from F.,,—A) 
Reaction Temp., 225°C., 13 hrs. Exp. 
Contraction, 10%. 
Gas Analysis Data. 
1 2 3 4 5 6 
co, 5.7 7.7 13.8 13.8 12.0 9.6 
C..H., 0.0 0.0 0.0 0.0 0.0 0.0 
C,H, 0.6 0.0 1.5 0.7 0.8 1.2 
C,H, 0.3 0.0 0.3 0.4 0.2 0.0 
0., 0.4 0.5 0.7 0.5 0.4 0.3 
CO 18.5 21.2 18.5 14.6 15.1 18.2 
H., 59.7 52.8 45.7 51.4 54.5 57.1 
CH, 14.1 14.4 17.1 14.3 15.2 10.3 
C,H, 0.0 0.0 0.0 2.0 1.8 1.9 
N., 1.6 2.3 2.8 2.3 1.8 1.4 
Table 3. 
F.,,-C, (Continued from F.,.—B) 
Reacton Temp., 200°C., 220°C. 
Contraction, 12%, 68%, (12 hrs. Exp.) 
Gas Analysis Data. 
1 2 3 4 5 
CO, 2.0 0.7 0.7 3.5 6.5 
C,H, 0.0 0.0. 0.0 0.0 0.0 
C,H, 0.6 0.3 0.4 0.4 1.4 
C,H, 0.2 0.0 0.0 0.2 0.0 
O., 0.6 0.4 0.3 0.3 0.5 
CO 30.2 32.0 32.0 27.0 23.1 
H., 63.6 64.8 65.2 62.4 58.3 
CH, 0.0 0.0 0.0 4.6 5.1 
C,H, 0.0 0.0 0.0 0.0 2.0 
N. 2.8 1.8 1.4 1.3 2.1 
(200°C.) (220°C.) 
Table 4. 
F.,-D, (Continued from F.,,—C), 
Reaction Temp., 210°C 
Contraction, 35% (6 hrs. Exp.). 
Gas Analysis Data. 
1 2 3 
CO.,, 5.4 2.6 1.0 
C.H,, 0.0 0.0 0.0 
C.H, 1.3 0.8 0.8 
C,,H.., 0.0 0.0 0.2 
O., 0.3 0.3 0.4 
co 25.0 28.8 29.9 3 
H., 57.3 59.5 65.6 6 
CH, 7.9 5.8 0.0 
CoH, 1.3 0.0 0.0 
No 1.5 2.2 1.9 


X. 


0.9 
0.0 
0.7 
0.0 
0.3 
0.3 
6.3 
0.0 
0.0 


1.5 


~l] 


9.6 
0.2 
0.0 
0.4 
18.6 
56.0 
10.2 


— 
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Table 5. 
F,,-E, (Continued from F.,,-D) 
Re-reduction, 350°C., by H., 2 hrs. 
Reaction Temp., 225°C. (4 1./hr.). 
Contraction, 60%, (8 hrs. Exp.). 
Gas Analysis Data. 
] 2 3 4 5 
CO, 0.0 0.0 5.0 5.6 4.2 
CH. 0.0 0.0 0.0 0.0 0.0 
C.H, 0.4 0.2 0.4 0.9 0.8 
C,H.., 0.0 0.0 0.0 0.0 0.3 
Ge. 0.3 0.3 0.4 0.3 0.4 
co 0.0 9.0 1.6 13.8 22.3 
H., 97.4 81.4 76.9 64.0 58.0 
CH, 0.0 5.6 4.3 11.6 12.1 
C,H, 0.0 0.0 5.7 2.1 2.4 
N., 1.9 5 By 1.7 1.9 
Table 6. 
F.)-F, (Continued from F.,.-E) 
Reaction Temp. 225°C., 
Rate of Flow, 8 1./hr. 6 1./hr. 
Contraction, 25% 25° (12 hrs. Exp.). 
Gas Analysis Data. 
1 2 3 4 5 6 7 
co, 6.0 9.0 1.0 0.3 0.5 0.4 0.5 
CoH, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
C.H, 0.9 0.6 0.8 0.6 0.7 0.7 0.9 
CLH.., 0.0 0.2 0.0 0.0 0.0 0.0 0.0 
O., 0.4 0.5 0.4 0.2 0.3 0.4 0.2 
CO 19.7 10.7 30.7 31.6 31.1 31.2 31.4 
H, 59.2 58.5 65.1 65.9 66.1 65.6 65.7 
CH, 8.8 17.6 0.0 0.0 0.0 0.0 0.0 
C,H, 3.2 0.0 0.0 0.0 0.0 0.0 0.0 
N, 1.8 2.5 2.0 1.4 1.5 1.7 1.3 
———_—__—_— 
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Table 7. 
F.,-G, (Continued from F.,.—F) 
Reaction Temp., 230°C. 
Rate of Flow, 8 1./hr., 6 |./hr. 
Constraction, 40%, 412% (13 hrs. Exp.). 


Gas Analysis Data. 


1 2 3 4 5 6 7 8 
CO., 2.0 2.4 2.0 Lz 1.4 1.3 1.8 1.0 
C,H, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
C.H, 0.8 1.1 1.4 1.0 iz 1.4 1.9 1.2 
CH. ° 00 0.2 0.0 0.3 0.3 0.0 0.2 0.5 
0. 0.3 0.4 0.4 0.5 0.4 0.3 0.3 0.5 
CO 30.0 27.4 28.5 29.4 29.8 30.7 29.5 30.0 
H., 65.5 59.5 60.6 60.0 64.8 61.3 61.1 64.0 
CH, 0.0 1.7 4.0 4.4 0.0 2.6 2.1 0.0 
C.H,, 0.0 1.6 1.5 1.4 0.0 1.0 1.8 0.0 
N., 1.4 1.7 1.8 1.4 2.3 1.4 1.3 2.8 
(8 1./hr.) (6 1./hr.) 
Table 8. 

F.,,-H, (Continued from F.,,—G) 

Reaction Temp., 230°C. (4 1./hr.) 

Contraction, 50% (7 hrs. Exp.). 


Gas Analysis Data. 


1 2 3 4 
co. yA 3.0 3.8 3.0 
C,H, 0.0 0.2 0.0 0.0 
C.H, 1.4 1.3 koe 1.3 
C,H... 0.4 0.3 0.0 0.2 
O., 0.5 0.4 0.4 0.3 
co 26.5 27.4 25.9 26.4 
H., 60.2 59.6 60.7 60.4 
CH, 5.0 4.3 5.0 5.4 
C.H,, 0.5 1.3 1.2 1.4 
N,, 2.3 1.9 1.2 1.6 


possibly state that they are somewhat parallel with the methane forma- 
tions, as clearly shown in these tables; of course, a strict proportionality 
may not be expected, since the reaction system is quite complex and fur- 
thermore they are outcome of the combinations of the reactions, such as 
(1) Co+8H.=CH,+H.0 and (2) CO+H.O=H.+CO, and of the combina- 
tion of these two (3) 2CO0+2H.=CH,+CO.,, as well as (4) CO.+4H. 

CH,+2H.0, and also of these reactions; the extents of the equilibria as 
well as the reaction speed are connected with various factors and expected 
to be inter-related. Judging these reactions and our results as regards 
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the formations of CH, annd CO. as well as H.O, the explanations seem 
to be rather reasonable, especially with regard to the initial stage of 
the reaction prior to normalization of the reaction system. 

In Tables 9-11, the results are given for the effects of promoters, 
such as U;O,, Cu in various different percentages, and of Mn. As seen 
in Table 9, for these particular catalysts, as far as the copper content 
is concerned, 2.5% Cu seemed to be optimal among those tested in this 
range of percentages. Here we also are convinced that the average gas 
contraction percentage may not necessarily be parallel with the order of 


Table 9. Effects of Promoters. 


Type of Catalyst, Co+12% U,.0.,+«%Cu+100% Kieselguhr 
Rate of gas Flow; 4 1./hr.; CO:H,=1:2 











ii Ave. Oil Remarks 
Cu eae. Exp. Gas ee Heat T t ‘in H. Reduct 
(%) — No. Cont. Yields a = a, 


(%) &e-/m* CC) (hrs.) (C.)  (hrs.) 


(400) (4) (270) (5) (Fap-A) 


2.5 200 F.,,—-C 12 28.5 
220 i 68 147 
210 F.,,—D 36 26.9 
230 9-H 50 131.3 : 350 2 
225 F ,,-E 40 173 400 5 350 5 
5 200 F., ,-B 52 18 400 2 250 5 
190 F.,,—D 30 20 210 2 
225 F.,,-E 70 46 - 350 2 
200 F.,,-H 30 80 -— —- 230 2 
10 200 F.,.-A 57 3.9 400 2 230 5 
F.,.—B 32 56 - 300 2 
(400) (5) (270) (5) (Fes-A) 
0 200 F.,.,.-E 20 16 - 370 2 
225 - 30 
F.,..-G 24 63.3 300 2 


Table 10. . Effects of Promoters. 


Type of Catalyst, Co+#%U,0,.4+2.5% Cu+100% Kieselguhr 
Rate of gas Flow, 4 1./hr.; CO:H,=1:2 








A 7 Remarks 
React. = Oil anne. 
UsOs Temp. Exp. Gas yields Heat Treat. H. Reduct. 
(%) (°C..) No. Cont. . am = EE 
2 (%) = (°C.) (hrs.) (°C.) = (hrs.) 
(400) (4) (270) (5) (Fap-A) 
12 225 F.49-B 70 123 — . de _ 


(400) (5) (270) (5) (Fae-A) 
15 ‘ Fut 66 93 ee a ale 
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Table 11. Effects of Promoters. 


Type of Catalyst, Co+12% U,0.4+5%7 Cu4+e2%Mn+100% Kieselguhr 
Rate of Gas Flow, 4 1./hr.; CO:H.,=1:2 








Remarks 
Mn React. Ex _ Oil — — 
(%) Temp. nN. Cont Yields Heat Treat. H,. Reduct. 
JO ° . . 3 SE REEEEEEeEeEEE —— 
lia (%) ce/m’ CC) (hrs) (C.)  (hrs.) 
4 200 F.,-A 3 43 400 5 300 5 
270 F .,.—B 66° 24 
250 Fog-C 40 45 
; (400) (2) (250) (5) (Fx-A) 
0 190 F.,,-D 30 20 210 2 
225 F.,,-F 66" 7.1 300 2 
200 F., ,-H 30 80 230 2 
* Large amount of CH, formation. 
oil yields, as often we have called attention in our earlier papers). In 


Table 10, the results with 12 and 15% U;O, are compared. In Table 11, 
the effects of Mn are compared. Although no definite conclusion may be 
drawn from these meager data, we may conservatively state that the 
effects of Mn is not distinct; however, as far as these data allow, a 
catalyst without Mn seems to be more desirable. In Table 12 the effects 
of a carrier, Kieselguhr, for’ this particular catalyst are compared. 


Table 12. Effects of Carrier, Kieselguhr. 


Type of Catalyst, Co+12%U,0.+2.5%Cu+e«% Kieselguhr 
Rate of Gas Flow, 4 1./hr.; CO:H,=1:2 

















= Ave. . Remarks 
— Temp. _ ann. Vields Heat Treat H. Reduct. 
(°C.) (%) ©&/m* CG) “(hrs.) (°C.) (hrs.) 
100 225 F,9-A 66* 38.8 400 4 270 5 
% " F.,,-B 70 122.6 
200 F.,,-C 12 28.5 
9 220 " 68 146.9 
0 225 F.,,-A 66* 3.4 400 5 300 5 
‘i = F.,,-B 66° 9.3 ‘ 2 
F.,,—C 62 14.5 350 . 
F.,,-D 64 2.6 400 2 = 5 
F.,.-A 66* 0 400 5 270 : 
F.,.-B 64* 0 350 : 





* Large amount of CH, formation. 
** CH, formation at the initial stage. 


(5) S. Hamai, S. Hayashi, K. Shimamura and H. Igarashi, this Bulletin, 17 
(1942), 166; S. Hamai, this Bulletin, 17(1942), 339. 
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Here we can see definitely the superiority of the catalyst with the carrier, 
and with the catalyst contaianing no Kieselguhr contributes almost 
nothing to the oil formation reaction but the methane formation. As 
far as the contraction percentage is concerned, both cases are of com- 
parable order. These results clearly demonstrate the importance of 
segregation of catalytic activities due to each particular reaction, as that 
of methane formation and that of oil formation, when we discuss the 
catalytic activities as judged from the gas contraction alone. From these 
data, we can clearly see that the contraction percentages, namely, 66%, 
indicated for the catalyst with no Kieselguhr, is practically entirely due to 
the reaction (1) CO+3H.=CH,+H.0, forming a large amount of methane 
and water which in turn reacts with CO and gives CO+H.O=H.+CO,. 
Thus we see a large amount of CO. formation, somewhat in parallel with 
the methane formation. (The maximum contraction available from the 
reaction (1) alone is 66° '.‘7). Furthermore, in these cases practically 
no oil formation was observed, at least a very small amount—if any. 

In Tablels 13-17, those effects of the reaction temperature on the 
activity for various different catalysts as judged from the gas contrac- 
tion percentages, oil yields, as well as principal gaseous products are 
compared at several different temperatures. 

In main, when the temperature? is higher, gaseous products, such 
as CH, and-CO., predominate for every catalyst tested, with a considerable 
magnitude of gas contraction and a very small amount of oil formation. 
This is very reasonable, considering that these reactions, mentioned 
already, predominate at these particular conditions, especially when the 
reaction system is not well normalized. Here we see also the optimal 


Table 13. Effects of the Reaction Temperature on the Activity. 


Type of Catalyst, Co+12%U.,,0.,42.5%Cu+4100% Kieselguhr 











Rate of Gas Flow, 4 1./hr.. CO:H.,=1:2 
' Remarks 
mp 2am aa : S 4 tia 
No. EMP. Cont, CO: CoH, CHs C2H, Yields eat . reat. 2 Reduct. 
$C.) (%) c.e./m* (6¢) (hrs.) (°C.) (hrs.) 
400 5 350 5 
Fie-E 225 10 0.8 1.6 0.0 0.0 173 
Fi L, 250 70 9.2 0.5 12.0 0.0 103 100 5 270 2 
100 4 270 5 
F iy R 230 14 0.7 0.5 0.0 0.0 
FS 235 14 1.6 0.6 0.0 0.0 
400 4 270 57+ 
F .o-B 225 70) 9.6 1.2 10.2 1.9 123 
F’., ,-€ 220 68 0.7 0.5 0.0 0.0 147 
Fo D 210 36 0.9 0.7 0.0 0.0 27 
350 2} 
F.,)-H 230 50 3.8 1.2 5.0 1.2 131.3 
(I \) (Fy 4-®) (F..y-A) (F.,,-E) 
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Table 14. Effects of the Reaction Temperature on the Activity. 


Type of Catalyst, Co+12%U.0.4+5% Cu+100°7 Kieselguhr 
Rate of Gas Flow, 4 1./hr., CO:H.=1:2 








Exp. React. —. . ‘ ; Oil —_ Remarks 
No. Temp. Cent. CO. C,H, CH, CH, Yields Heat Treat. H. Reduct. 
(°C.) c.c./m* (6 a, : a 
(%) (°C.) (hrs.) (°C.) (hrs.) 
F.,,-A 200 60* 15.3 0.2 38.9 2.7 0) 100 2 . 250 5 
F.,,-C 190 22 0.2 0.5 0.0 0.0 54.4 230 2 
200 44 0.6 0.5 0.0 0.0 
F.,,-D 190 30 0.3 0.6 0.0 0.0 210 2 
200 32 0.5 0.5 0.0 0.0 20 
225 80 7.0 0.7 Liz 3.9 
F.,,-E 190 23 0.2 0.4 0.0 0.0 46.1 350 2 
200 30 0.5 0.2 0.0 0.0 
225 70 0.2 0.4 0.0 0.0 
F.,,-H 200 30 0.5 0.7 0.0 0.0 80.0 330 2 
With 10% Cu 
400 9 230 5 
F.,.—b 200 32 0.2 0.5 0.0 0.0 56 300 2 


Table 15. Effects of the Reaction Temperature on the Activity. 


Type of Catalyst, Co+12%U,0.4100% Kieselguhr 
Rate of Gas Flow, 4 1./hr., CO:H.=1:2 





R Ave. 0; Remarks 
Hg Some. prt CO. CH, CH, GoH, Yields Heat Treat. Hy Reduet. 
(PC) (a) c.e./m* (SC) hrs.) (°C.) (hrs.) 
F,,-A 200 20 0.2 0.2 0.0 0.0 12 400 5 270 5 
F.,,—E 200 20 0.0 0.0 0.0 0.0 46 370 2 
225 30 0.2 0.2 0.0 0.0 
F,,.—F 225 32 0.3 0.2 0.0 0.0 22 300 2 
F.,,—G 225 24 0.2 0.2 0.0 0.0 63.3 


Table 16. Effects of the Reaction Temperature on the Activity. 


Type of Catalyst, Co+12% U.0.+2.5% Cu 
Rate of Gas Flow, 4 1./hr.; CO:H.=1:2 








Exp. React. a oil — Remerks 
No.  TeMP- Cont, CO: CzH, CH, CH, Yields HeatTreat. H; Reduct. 
(°C.) (%) c.¢./m* (°C.) (hrs.) (°C.) (hrs.) 
F.,,-A 225 66° 17.7 0.2 62.2 0.0 3.4 4100 5 300 5 
P. B ” 66 13.4 0.0 50.2 0.0 9.3 300 2 
F.,,-C ss 62 12.1 0.0 47.1 0.0 14.5 350 2 
F.,,-D de 64* 14.0 0.4 53.5 0.0 . 400 2 350 5 
200 15 1.1 0.2 0.0 0.0 2.6 
F.,,-E 200 2 0.2 0.3 0.0 0.0 2.2 “ 
F,.—A 225 66* 14.5 0.4 59.1 0.0 400 5 270 5 
F.,.—P ss 64* 14.1 0.4 54.4 0.0 350 2 


* Large amount of CH, formation. 
(F..-A). 
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Table 17. Effects of the Reaction Temperature on the Activity. 


Type of Catalyst, Co+12%U.,0.+5%Cu+4%Mn+100% Kieselguhr 
Rate of Gas Flow, 4 1./hr.; CO:H,=1:2 


Remarks 


Ave. “ 

React. Oil —_——o > 

_ Temp. Beat CO. CoH, CH, CH, Yields Heat Treat. H, Reduct. 

; (°C.) . c.c.fm? (4) mea) (°C) Chre 

~ (%) (°C.) (hrs.) (°C.) (hrs.) 

F9-A 200 3 0.0 0.2 0.0 0.0 43 400 5 270 5 
F.,,-B 270 66 18.0 0.4 23. 8.0 24 
F.,9-C 250 10 3.9 . 4 0.0 0.0 45 


Co+ 15% U,0.4+2.5% Cu+100% Kieselguhr 


F.,-A 225 70 6.9 0.3 29.2 1.0 50 400 5 270 5 
F.,-B re 74 5.0 2.1 10.2 9.2 73 
F.,,—C 66 3.9 1.8 7.3 6.2 93 
F.,,-D a‘ 64 5.1 19 15.4 3.3 52 
F.,,.-E ” 32 0.2 0.3 0.0 0.0 418 400 5 350 5 


Large amount of CH, formation. 


reaction temperature for the particular catalyst; among these data we 
may possibly state that 225°C. is the optimal for the majority of these 
‘atalysts except for those without Kieselguhr. This catalyst, as shown 
in Table 16, may not be considered as desirable as far as the oil formation 
is concerned although the activity for the formation of gaseous products, 
such as CH, and CO., is very high. 

In Tables 18-23, those effects of various pretreatments upon the 
catalytic activity as judged by the average gas contraction, oil yields, and 
gaseous products, at several different reaction temperatures are shown. 
Regarding the initial reduction temperature, the presence of Cu seems to 
lower the reduction temperature. This is in concordance with the fact 
found in the literature”. For the catalyst, CO+12°% U,;0,+2.5% Cu+100% 
Kieselguhr, by the H. pretreatment at relatively low temperature such 
as 270°C., as compared with the initial pretreatment temperature 350°C., 
the once decayed activity may be restored as in the series of Fj»; while 
in the series of F.., the decayed activity equally is recovered with the 
reversed order of pretreatments, namely, initially at 270°C., 5hrs. then 
at 350°C. 2 hrs., but we may find a difference in the formation of gase- 
ous products, i.e., CH; and CO. formations are more persistent in the 
series of Fup. 

As seen in Tables 19-20, we may say that there is some optimal 
pretreatment temperature to get a fairly good activity although in every 
case the methane formation may be found immediately after pretreatment. 


(6) (a) F. Fischer and H. Koch, Brenn-Chem., 13(1932), 61. 
(b) S. Tsutsumi, Report of Fuel Research Institute, Japan, No. 31 (1935). 
(c) S. Tsuneoka, “Synthetic Liquid Fuel” (in Japanese) pp. 66, 67, 68, 
86, 87 (1938). 
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Table 18. Effects of Pre-treatments. 


Type of: Catalyst, Co+12%U.,0.+2.5%Cu+100% Kieselguhr 
Rate of Gas Flow, 4 1./hr.; CO:H.,=1:2 





React Peete Ave. Oil 
— Temp. Heat Treat. H, Red. an Yields ©: C2Hs CH, Coty 
tages (°C.) (°C.) (hrs.) (°G.) (hrs.) (%). e.c./m* (%) (%) (%) (%) 
400 5 350 5 (Fy-A) 
F ,,-E 225 40 73 0.8 1.6 0.0 0.0 
F,y-L 250 409 ; 22 2 70 103 9.2 0.5 12.0 0.0 
F4-N 225 25 50 0.6 0.9 0.0 0.0 
F,y-Q 225 400 ; 2 5 22 0.5 0.6 0.0 0.0 
F4,-R 230 44 . 0.7 0.5 0.0 0.0 
Fiy-S 235 44 1.6 0.6 0.0 0.0 
400 4 270 5 (Fop-A) 
V4 -B 225 - 70 23 9.6 1.2 10.2 1.9 
F.49-C 220 68 147 6.5 1.4 5.1 20 
F’.5-E 225 350 2 64 70 4.2 0.8 12.1 2.4 
F’.,,—H 230 50 131.3 3.8 1.2 5.0 12 
Table 19. Effects of Pre-treatments. 
Type of Catalyst, Co-+4 12%U ,0.+5%Cu+100% Kieselguhr 
Rate of Gas Flow, 4 1./hr.; CO:H,=1:2 
Pre-treatments Ave. ' 
_ — Heat Treat. H, Red. on Yidte CO, C.H, CH, C,H, 
F (°C.) (°G.) (hrs.) (°G.) (hrs.) (%) c.c./m* (%) (%) (%) %) 
F.,,-A 200 400 2 250 5 60 0 15.3 0.2 38.9 2.7 
F,,-C 7 230 2 44 54 0.6 0.5 0.0 0.0 
F.,,-D 4s 210 2 32 20 0.5 0.5 0.0 0.0 
F,,-E és 350 2 30 16 0.5 0.2 0.0 0.0 
F’.,,-F xs 300 2 36 7 0.7 0.3 0.0 0.0 
F’,,—-H $5 230 2 30 80 0.5 0.7 0.0 0.0 
Table 20. Effects of Pre-treatments. 
Type of Catalyst, Co+12%U.,0,+10%Cu+100% Kieselguhr 
Rate of Gas Flow, 41./hr.; CO:H,=1:2 
Pre-treatments Ave. h 
Exp. Temp. HeatTreat. H, Red G88 yields CO: C:H, CH, Call 
; (°C.) (°G.) (hrs-) (°G.) (hrs.) (%) c.c./m* (%) (%) (%) (%) 
F,,-A 200 400 2 230 5 57 4 14.0 0.3 1.9 0.0 
F.,.-B 5 _- -- 300 2 32 56 0.2 0.5 0.0 0.0 
F.,,—C Y -—— -— 350 2 16 2.4 0.3 0.2 0.0 0.0 
F,.-D -- -- 270 2 20 36 0.0 0.2 0.0 0.0 
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Table 21. Effects of Pre-treatments. 
Type of Catalyst, Co+12%U,0,+100% Kieselguhr 
Rate of Gas Flow, 4 1./hr., CO:H.=1:2 
Pre-treatments Ave 
, React. eet ceanatenan — wa . 
Exp. Temp. Heat Treat. H, Red. Gas yieiqs CO: CeHs 
No. (°C.) — —_——_— Cont. ¢.c./m* (%) (%) 
: (°C.) (hrs.) (°C.) (hrs.) (%) ~~ - 
F.,,-A 200 100 5 270 5 20 12 0.2 0.2 
F’.,,—B 300 2 15 19 0.2 0.2 
F’,.--C 350 2 10 18 0.0 0.3 
F, —) << 100 2 10 5.5 0.0 0.0 
F.,-E ? 370 2 20 4 00 0.0 
F..<F 295 300 2 32 22 0.3 0.2 
F.,.—G sf - 24 63.3 0.2 0.2 
Table 22. Effects of Pre-treatments. 
Type of Catalyst, Co+12%U.,0,+2.5%Cu, 
Rate of Gas Flow, 4 1./hr.; CO:H.,=1:2 
Pre-treatments A 
. React. —— — ve. Oil . 
Exp. Temp. Heat Treat. H, Red. G88 yieigs ©O: CHa 
No. (°C ) ete wae — —— Cont. c.c /ms (%) (%) 
' (°C.) (hrs.) (°C.) (hrs.) (%) ~™ ” - 
F,,-A 225 400) 5 300 5 66° 3. 17.7 0.2 
F,,-B 300 2 66 9.3 13.4 0.0 
F.,, ,—( 350 2 62* 14.5 12.1 0.0 
F,.-A 225 100 5 270 5) 66* 0 14.5 0.4 
F.,.-—B 350 2 64* 0 14.1 0.4 
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CoH, 
(%) 


CH, 

(%) 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 

0.0 0.0 
CH, C.H, 

(%) (%) 
62.2 00 
50.2 0.0 

17.1 0.0 
59.1 0.0 | 
54.4 0.0 


An extraordinarily large amount of CH, formation was observed. 


The maximum 


contraction percentage due to CO+3H.=CH,+H.0 alone is 66 2/3%; consider- 
ing these possibly say that our indicate that the reaction is 
entirely due to the above reaction. Therefore, this catalyst is 
ordinarily good for CH, formation, but not for oil formation under these condi- 


we may results 


to be extra- 


tions. 


Table 23. Effects of Pre-treatments. 


100% Kieselguhr 
CO:H,=1:2 


12.5% Cu 
1 ]./hr.; 


Type of Catalyst, Co+15°, U.,O, 


Rate of Gas Flow, 








React ea Ave. Oil 

mH Temp. Heat Treat. H, Red. a Yields CO, C;H, CH, CH, 

; (%) (5C.) (hrs.) (°G.) (hrs.) (%) c.e./m* (%) (%) (%) (%) 
Fog-A 225 400 5 270 5 7 50 69 O08 292 1.0 
F..,-B : —- 74 73 5.0 2.1 10.2 9.2 
F., —C —- 66 93 3.9 1.8 7.3 6.2 
F,,-D P —_ — —_ — 64 52 5.1 1.9 15.4 3.3 
F.,-E 400 5 350 5 32 48 0.2 0.3 0.0 0.0 
F.g-F e _- — _-_ 13 0 0.3 0.2 0.0 0.0 
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In Table 21, we see that for the catalyst without Cu, the reduction 
temperature at the initial stage should be fairly high in order to get 
sufficient activity and the later pretreatment temperature has to be higher 
for getting a reasonable amount of oil formation. 

As observed in Table 22, for the catalyst without Kieselguhr, regard- 
less of differences of pretreatment temperatures, there we found no 
difference as to the activity in the oil formation, but in every case we 
found practically the same contraction percentage, with predominating 
tendency for CH, and CO. formations. These facts, with the fore-men- 
tioned relations between the oil formation and the pretreatments, imply 
that there is some delicate connection between the pretreatments and 
the activity for the oil formation which may be sensitively affected by 
the porosity of materials as well as the surface structure as varied by these 
heat treatments. However, a more definite conclusion, though very 
desirable, cannot be obtained at the presenti stage. 

The lowering of the initial reduction temperature when Cu is present 
in the catalyst again is demonstrated even for the catalyst which contains 
15° U,Oxs, and a fairly low temperature for pretreatment may be adopted 
for a sufficient activity. These are shown in Table 23. 

In Table 24, some of the physico-chemical constants for the products 
in the series of F,.—F., are compiled. In this table, the first trap oil in- 
dicates the heavier fraction and the second the lighter one condensed by 
solid CO. -C.H-OH mixture. 


Table 24. Properties of the Products. 


Ref. Ind. Sp. Gr. App. Elem. Analysis 








Exp. No. 25°C. 25°C, MW. C% AY, 
F,,(A-K) Ist trap 1.42593” 0.759 160 84.79 15.32 
F,,(A-K) 2nd trap 1.38508" 0.677 8 83.63 15.82 
F,,(L-P) 1st trap 1.4212” 0.770 179 84.97 15.01 
F,,(L-P) 2nd trap 1.386820 0.702 100 84.24 15.84 
F.,,(A-D) 1st trap 1.422230 0.756 129 85.19 14.73 
F.,(A-D) 2nd trap 1.380230 0.685 84 84.39 15.58 
F.,,(E-H) 1st trap 1.4273 0.758 152 84.40 15.68 
F.,,(E-H) 2nd trap 1.3939 0.687 87 83.79 16.07 
F,,(A-D) 1st trap 1.4219 9.749 130 84.66 15.28 
F,,(A-D) 2nd trap 1.4034 ~- 94 83.69 16.21 
F.,,(E-H) 1st trap — - — 83.82 15.81 
F.,,(E-H) 2nd trap 1.4010 0.701 81 83.02 16.76 
F.,. (A-F) Ist trap 1.4258°0 -—- _- 84.33 15.14 
F,.(A-F) 2nd trap 1.40803° — — -- = 
F,,(A-I) 1st trap 1.427330° 0.765 177 84.74 15.06 
F.,,(A-I) 2nd trap 1.402830 0.711 111 83.92 15.20 
F,,,(A-D) 1st trap 1.421339 0.748 139 85.04 15.29 
F,,(A-D) 2nd trap — 0.687 92 84.37 15.42 


F,,(A-D) 1st trap 1.438120° — 177 — — 
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In Fig. 1, the results for the contraction percentages in the series 
of Fs») as a function of the reaction temperature are plotted, while in Fig. 
2, the results for the contraction percentages as a function of the rate of 
gas flow at 225°C. and 230°C., respectively, are plotted. 





90 90 
_ 80 80 
S 
= 
o ne | 
oo 
2 6 60 
v 
z % 
os 50 ° 50 
< 
2 40 40 
os 
i>) 
oe 
5 30 30 
=} 
° 
CO 929 20 
10 10 
0 0 
200 210 220 230 
Temp. (°C.) 1./hr. 
Fig. 1. Gas Contraction Percentage Fig. 2. Contraction % Vs. Rate 
Vs. Reaction Temperature. of Flow. 


Thus far, we have presented typical results for the series Fyy—F2», 
with respect to the gas analysis data, and the effects of reaction tempera- 
ture, rate of gas flow, pretreatments, and of promoters. These results 
are correlated, and some explanations are offered with special reference 
to the reaction mechanism for the Fischer-Tropsch synthesis of hydro- 
carbons. 


Summary. 


(1) The experimental materials used in this investigation are 
briefly described along with the preparations of the catalysts. 

(2) The experimental procedure with reference to our previous 
paper is presented. 

(3) The typical results, as related to the catalytic activity and 
gaseous products, are tabulated and some correlations are offered. 

(4) The effects of such promoters as U;0s, Cu, and Mn along with 
those of a carrier, Kieselguhr, upon the catalytic activity are tabulated 
and discussed; furthermore, possible correlations with the oil formation 
are presented. 

(5) The results of the effects of the reaction temperature, as well 
as of the pretreatment upon the activity, with special emphasis on the 
oil formations and gaseous products are presented and discussed rather 
thoroughly, and some possible correlations are given. 
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(6) Finally, the properties of the liquid products for the series of 
Fis-F2, for the type of catalysts, Co+a%U,0.+y%Cut+2% Mn+w% 
Kieselguhr, such as refractive indices, specific gravities, apparent 
molecular weights and elementary analysis data are compiled in the table. 


In conclusion, the authors express their hearty thanks to Dr. T. 
Marusawa, Former Director, and to Dr. S. Sato, Director of the Institute, 
for their interests and constant encouragement in carrying out this 
investigation and for the permission for this publication. Also the authors 
take this occasion, to extend their thanks to Messrs. Igarashi, Fujiwara 
and Kuwabara who have been willing to assist us in the experimental 
part of this investigation and to Messrs. Kataoka, Inaba, Kodama and 
Nakano who have helped us in the analytic work. 
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An Empirical Equation for Calculating the Changes in the Boiling 
Points of Hydrocarbons with Small Changes in Pressure. 


By Ryoji NEGISHIL. 


(Received August 24, 1942.) 


In the separation by distillation of hydrocarbons for the purpose of 
identification, it is frequently necessary to calculate the change in the 
boiling point with pressure, even when the change in pressure may be 
less than 10mm. The ,above statement may be fully appreciated when 
it is realized that a pressure change of 10mm. corresponds to nearly 
0.5°C. which is often as much as the difference between the boiling points 
of the compounds to be separated. 

In the course of our investigations on hydrocarbon synthesis and 
separation of the products by distillation, we have found the following 
empirical equation, 


dty °C./dPinm, = 0.0345 + 0.00011 t, (1) 


in which ¢,, is the boiling point in centigrade, P,,,, is the pressure expressed 
in mm. of Hg, quite convenient and sufficiently accurate for a large number 
of hydrocarbons commonly found in the gasoline boiling range. 

The purpose of this paper is to illustrate the usefulness and the 
limitations of the above equation, and, at the same time, to indicate 
briefly justification for the linear form it assumes. A comparison of the 
equation with those found in the literature will be also considered. 

From the thermodynamic relation, 


(8S/8V)r = (@P/8T )v (2) 
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in which S, P, T, V have the usual significance, the Clausius-Clapeyron 
equation, 


dP - JIL 
Plat = P(V_—Vi) i 
may be readily derived. It expresses the change in the boiling point with 
pressure in terms of the temperature at which the heat of vaporization 
is AL and where the liquid with a volume V, is completely changed into 
vapor with a volume VJ,. 

Equation (3) is general, and if AL, T, Vi, and V. are known, dT/dP 
can be determined exactly. However, it would be more convenient if 
dT/dP (or dt/dP) can be expressed as a simple function of the boiling 
point of the pure substance. For the very purpose we have found equation 
(1) quite adequate. We do not intend to attach any theoretical signifi- 
cance to the equation; our sole purpose is, as has already been mentioned 
above, to give a simple empirical equation which may be of use in practical 
application. This equation is theoretically applicable for dT/dP only at 
P=760 mm., but for a change of +10 mm. from 760, it should still be 
fairly accurate." 

Because of the simple form Trouton’s relation takes, the Clausius- 
Clapeyron equation can be readily put in a much simpler form”) by its 
application, as will be illustrated below: 

Writing the Clausius-Clapeyron equation in an equivalent form, 


dP/dT = PIL|RT? (4), 


where RF is the gas constant and 1L, P, T have the same sig:nificance as 
in (3), and by assuming the vapor to behave ideally, 12 to be independent 
of the temperature, and the volume of the liquid to be negligible in com- 


(1) D. B. Brooks, J. Research, NBS, 21(1940), 847; E. R. Smith, ivid., 26(1941) 
129. As is evident from the results, a change of 40 mm. gives a difference of 0.0016~ 





dt /dP* 
Pp mm. eee 
n-Heptane Iso-octane Benzene 
700 0.04779 0.04958 0.0456 
760 0.04480 0.04649 0.0427 
800 0.04304 0.04467 0.0411 


Calculated from dP/dT originally given in his Table. 


0.0018 in dt/dP, or about 0.0004°C./10 mm. Hg., which is well within the accuracy of 
experimental error. 

(2) By use of Trouton’s rule many relations, especially those involving the heat 
(or energy) of vaporization, can often be reduced to simpler forms. Kimura’s (0. 
Kimura, J. Chem. Soc. Japan, 63(1942), 98) derivation of his viscosity function, 
n=Ae is a good example. However, his basic idea of deriving an expression for 
viscosity which is applicable to all substances of the same series (paraffin) independ- 
ently of the properties of the individual members of the series in terms of the reduced 
absolute temperature, or in its equivalent forms; in other words, when 7» for the 
members are plotted against the proper functions of the reduced absolute temperatures, 
all viscosities will fall on the same line, is not original. It has already been mentioned 
by E. P. Irany (J. Am. Chem. Soc., 61(1939), 1754.) 
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parison with that of the vapor, and since P is always in the neighborhood 
of 760 mm., we readily obtain 


dT,/dP = KT, (5), 


where 7), is the boiling point in the absolute temperature. Therefore, in 
terms of ¢,, the boiling point in centigrade, the expression becomes 


dt,/dP = K(273.1+t,) = A+ Kt , 


which is the form relation (1) assumes. 

We shall now show to what extent relation (1) is useful; at the same 
time a comparison will be made between it and other empirical equations 
for dt,/dP found in the literature. Relation (1) has been obtained by 
changing the first term of the equation,“ 


dt, °C./dP nm, = 0.0350 + 0.00011 4, (6), 
which is the equation of the line drawn through the accurate dt,,/dP 


points given in Table 1. 


Table 1. Change in Boiling Point with Small Change in Pressure. 
B.P.(°C.) — dtp°C./d Pmm Deviation 








Hydrocarbons(®) Formula at Found—__ Ref. 
760mm.Hg. Found Calculated* Calculated 
3,3-Dimethyl-butene-1 C,H 1 41.239 0.0397 0.0395 + 0.0002 4 
2,3-Dimethyl-butene-1 C,H. 55.615 0.0410 0.0411 — 0.0001 1 
2,3-Dimethyl-butene-2 C,H,» 73.24 0.0414 0.0431 — 0.0017 4 
2,3,3-Trimethyl-butene-1 CzH,, 77.874 0.0447 0.0436 + 0.0011 4 
2,3-Dimethyl-butane C,Hy,4 57.999 0.0412 0.0414 — 0.0002 4 
2,2-Dimethylbutane C,H,, 49.731 0.0407 0.0405 + 0.0002 4 
2,2,3-Trimethyl-butane CH, 80.879 0.0449 0.0439 + 0.0010 4 
3-Ethylpentane CrHy4, 93.473 0.0446 0.0453 0.0007 4 
n-Heptane C74, 98.424 0.0449 0.0458 —0.0009 1 
2,2,4-Trimethyl-pentane CyHy¢ 99.233 0.0465 0.0459 + 0.0006 4 
2,3,4-Trimethyl-pentane C,H. 113.391 0.0479 0.0475 + 0.0004 | 
Benzene CH. 80.094 0.0427 0.0438 —0.0011 5 
2,2,4,4-Tetramethylpentane C,H., 122.281 0.0492 0.0485 + 0.0007 6 
Isopropylbenzene CyH 152.39 0.0507 0.0517 — 0.0010 7 
+0.002** 
From Eq. (6), dt,°C/dP,,,,, =0.0350 + 0.000111,.. 
. Limits of experimental error. The writer (R.N.) is unable to ascertain 


whether it is +0.0020 or +0.0002. 

(3) C. Isobe and R. Negishi, J. Soc. Chem, Ind., Japan, 45(1942). 

(4) D. B. Brooks, F. L. Howard, and H. C. Crafton, Jr., J. Research NBS, 
24(1940), 328. 

45) E. R. Smith and H. Matheson, ibid., 20(1938), 641. 

(6) F. L. Howard, J. Research NBS, 24(1940), 677. 

(7) J. D. White and F. W. Rose, Jr., ibid., 21(1938), 151. 

(8) G. Egloff, (‘Physical Constants of Hydrocarbons, Reinhold Publish. Corp., 
(1939, 1940); Science of Petroleum, Vol. JI, (1938), 1302. 
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Table 2 shows the results of determination and calculation made by 
Lamb and Roper? on dt,/dP (originally dP/dT,,) of 35 hydrocarbons of 
the paraffin series. Their results seem fairly accurate, and they serve as 
a good basis for some interesting comparison between our empirical 
relation and theirs, either derived from the Clausius-Clapeyron equation 
or derived empirically to agree particularly with the data given in Table 2. 

Lamb and Roper have derived the expression, 


760 x 20.85 _ 7975 
RT; n° 


dt,/dP = 0.03425 + 0.0001254 t, (7), 


(dP/aT) 1, = or 


by combining the Clausius-Clapeyron equation, under the assumptions 
already mentioned above, with Trouton’s rule, assuming 20.85 for the 
Trouton constant (the mean value for the 35 hydrocarbons listed in 
Table 2). 

The line representing this equation is given in Fig. 1, where it is 
obvious that, even with the particular Trouton constant used, the devia- 
tion between the values of dt,,/dP calculated and found becomes appreci- 
able at lower and higher temperatures. It clearly indicates that some 
of the simplifying assumptions involved in (7) are not justified. 

On the other hand, relation (1) is in much better agreement with 
the observed values. In fact, it is even better than the equation, 


(dP/dT) 7, = 3634 108:T»_ 9 6g (8), 
Tp 
which takes into account the trend“ in Trouton constant with the 
boiling point, and is about as good as their so-called “‘general’’ equation, 


(dP/dT)r, = *461 pee Ty_1.97 (9), 
b 


derived simply by altering the constants in relation (8) to agree better 
with the results in Table 2. 

A comparison of the relative accuracies of the equations, (1), (7), 
(8), and (9) are given along with that of the “special” equation, 


(dP/aT)r, = % jogos +b, (10) 
b 


proposed by Lamb and Roper), in which a, and b, are the constants for 
the particular group of hydrocarbons, in the last columns of Table 2. 
The results require no explanation. 


(9) <A. B. Lamb and E. E. Roper, J. Am. Chem. Soc., 62(1940), 806. 

(10) The fact that Trouton constant is not really a constant has long been 
recognized by numerous investigators, and a number of corrections—from purely 
empirical to semi-theoretical—have been proposed. One of the more exact and com- 
patible with theory, yet quite simple in form, is what is known as Hildebrand’s rule 
(J. H. Hildebrand, “Solubility,” Reinhold Publish. Corp., 102(1936)). 
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Table 2. Change in Boiling Points with Pressure for 
Some of the Hydrocarbons in the Paraffin Series. 
B.P. (°C.) dixldP™ Deviation Calculated-Found (%) 
Hydrocarbons* Formula oe °C./mm. Eq. Eq. Eq. Eq. Eq. 
(1) (7) (8) (9) (10) 

n-Alkanes 

Mcthane CH, —161.43 0.0168 —2.6 +165 +4. 3.5 —0.1 

Ethane C,H, 88.69 0.0244 —1.1 456 +24 —05 —4.9 

Propane C.H, —42.12 0.0299 —0.1 +3.0 +30 +04 +0.3 

Butane Ci. 0.68 0.0341 —08 —01 41.7 -—05 —0.3 

Pentane C;H,. 36.11 0.0388 +4+0.9 +02 43.9 414 41.6 

Hexane C,H, 68.74 0.0421 —0.0 —19 42.0 0.4 +0.8 

Heptane CiHi¢ 98.36 0.0447 —1.3 —4.0 40.4 -0.8 —0.3 

Octane C,H, 125.66 0.0482 0.2 —3.5 41.4 408 +1.1 
Branched-chain Alkanes 

2-Methylpropane C,H,) —12.10 0.0337 1.5 2.9 4.1 2.0 -—-0.1 

2,2-Dimethylpropane C;H,. 9.46 0.0363 1.9 2.3 4.6 2.4 0.4 

2-Methylbutane CH. 27.95 0.0380 1.1 0.7 3.5 16 —0.4 

2,3-Dimethylbutane C,H, 57.99 0.0414 14 —0.2 0.8 19 —0.1 

2,2,4-Trimethylpentane CoH, 99.23 0.0465 24 —0.4 4.2 2.9 1.0 

2,5-Dimethylhexane C.H,. 109.20 0.0466 0.1 —2.9 1.5 0.6 1.3 

2,6-Dimethyloctane CypHo. 158.54 0.0521 0.4 —3.7 JB 0.9 0.8 
n-Alkenes 

Ethene C.H, 103.81 0.0226 —2.2 6.4 0.7 —1.1 0.4 

Propene C,H, —47.66 0.0291 —05 2.9 25 —O1 0.5 

1-Butene C,H, — 6.30 0.0338 —0.1 0.9 2.5 0.3 0.1 

Trans-2-butene C,H, 0.91 0.0350 1.0 1.8 3.7 1.5 LZ 

Cis-2-butene C,H, 3.53 0.0339 29 -—2.3 —0.4 -2.4 2.7 

1-Heptene C,H,, 93.78 0.0459 24 -01 44 30 12 
Branched-chain Alkenes 

2-Methylpropene C,H, - 7.12 0.0344 2.1 3.3 4.9 2.6 2.5 

2-Methyl-2-butene 15H 46 38.43 0.0389 0.4 0.5 2.7 0.9 0.0 
Dienes 

Prepadiene C,H, -33.64 0.0300 —2.7 —0.2 0.2 0.8 —0.5 

1,3-Butadiene C,H, 4.51 0.0340 —0.0 0.9 2.6 0.4 1.0 

1,4-Pentadiene C.H, 26.06 0.0376 0.4 . 0.1 2.9 0.9 —0.4 

2-Methyl-1,3-butadiene C,H, 34.08 0.0382 —0.2 —0.8 2.1 0.3 0.6 
n-Alkynes 

Ethyne C..H,, —85.22 0.0229 -—95 -—2.6 —5.2 —8.0 -1.0 

Propyne C,H, —23.21 0.0299 -—7.00 —4.7 -—39 —6.2 —2.1 

1-Butyne C,H, 9.05 0.0358 0.7 10 —3.2 1.1 3.9 

2-Butyne C,H, 27.11 0.0363 —3.38 -—36 -—09 -—2.8 1.0 
Miscellaneous 

1-Buten-3-yne C,H, 5.11 0.03388 —3.1 -—3.1 -—12 —3.2 

1,3-Butadiyne C,H, 9.79 0.0351 —15 —1.2 10 —1.0 

Cyclohexane C,H. 80.74 0.0438 10 —1.2 3.0 1.5 

1,5-Hexadien-3-yne C,H, 83.50 0.0485 —0.4 —2.7 1.5 0.1 

Means of Values for all 
Hydrocarbons Listed 1.7 2.5 2.5 Be 0.9 





For name and carbon skeleton; see Ref, (8). 
** Calculated from dP/dT. 





dty°C. /dP mm. 





482 R. Negishi. [Vol. 17, No. 11, 


In Fig. 1 are drawn and plotted the lines representing relations (1), 
(7), (9), and that representing the data given in Table 3', and 
dt,/dPmm. values not only given in Table 2 but also in Table 4° (*), 
Some of the compounds are given in Tables 2 and 4 to show how closely 
various investigators agree, or disagree, on dt,/dP of the same substances. 
The “length” of the points roughly indicates the relative accuracy of the 
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Table 3. Correction Factors for the Boiling Point 
for Small Change in Pressure”. 


B.P. at 760mm. — B.P. at 760mm. SS 
— 100 0.023 200 0.056 
50 0.029 250 0.061 
0 0.035 300 0.065 
50 0.040 350 0.069 
100 0.046 400 0.0738 
150 0.051 


The correction factors can be regarded as accurate over a pressure 
range, 760 +50mmHg. (Ref. 11). 


(11) E. S. L. Beale, Science of Petroleum, Vol. II, 1281 (1938). 
(12) Landolt-Boernsteins Tabellen, 2427 (1936). 
(18) Landolt-Boernsteins Tabellen, 1289 (1932). 
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Table 4. Change in Boiling Point with Small Change in Pressure. 








B.P. (°C.) dtp°C./dP mm. Diff. 
Hydrocarbons Formula at is C d Found- Reg.* 
760mm. Found aleula- Caleula- 
ted ted 

n-Pentane C.H,., | 36.00 0.039 0.038 0.001 12 
) 36.10 0.041 0.038 0.003 12 
i-Pentane C.H,. 27.95 0.037 0.037 0.000 13 
n-Hexane C,H, 68.71 0.042 0.042 0.000 12 
n-Heptane C,H,, 98.35 0.045 0.045 0.000 12 
n-Octane C,H, 125.59 0.048 0.048 0.000 12 
n-Nonane CyH., 150.71 0.050 0.051 —0.001 2 
n-Decane CoH... 174.06 0.052 0.054 —0.002 2 
n-Undecane C,,;H., 195.84 0.054 0.056 0.002 12 
n-Dodecane C,.H.,, 216.23 0.056 0.058 0.002 2 
Hexene C,H;.. 65.92 0.043 0.042 0.001 16 
Benzene C,H, 80.122 0.0428 0.0433 —0.0005 13 
Toluene CH, {110.80 0.042 0.047 —0.005 13 
) 110.606 0.0464 0.0467 0.0003 13 
m-Xylol CoH yy 139.10 (0.0490 0.0498 —0.0008 13 
)0.0498 0.0498 0.0000 138 
Ethylbenzene Cale 136.15 0.048 0.049 -0.001 13 
Propylbenzene C,H. 159.45 0.052 0.052 0.000 13 
n-Butylbenzene C,)H,, 183.10 0.058 0.055 0.003 13 
Cyclohexane C,H. 80.80 0.045 0.043 0.002 13 
Methyleyclohexane C,H, ‘ 101.20 0.048 0.046 0.002 13 
1,2,4-Trimethyl-cyclohexane C,H,, 141.22 0.051 0.051 0.00 17 
Dipheny]l CoH, 254.93 0.061 0.063 —0.002 16 
( 218. 0.0592 0.0585 0.0007 16 
Naphthalene ,CyH, 217.68 0.057 0.058 —0.001 16 
| 217.96 0.058 0.058 0.000 16 


* Data given by Ref. 16 least reliable. 
(17) J. D. White and A. R, Glasgow, Jr., J. Research NBS, 22(1939), 137. 


measurement. For the results given in Table 2, +0.002"* has been 
assumed except for normal pentane, hexane, heptane, and octane for which 
+0.0005"); for ethyne, propyne, and cis-2-butene +0.003. Most of the 
results given in Table 4 are given a weight of +0.002""). From Fig. 1 
it seems to the author that the values of dt,/dP for decane, undecane, 
and dodecane, though given a relative accuracy of +0.002, deviate much 
more than that, and they seem to be too low. 

It may be of some interest to mention in passing that dt,,,dP observed 
and calculated by relation (1) for mercury, sulfur, and sodium are as 
given in Table 5. 

(14) There is no real basis for the value assumed except for isopropylbenzene, 
dt,/dP=0.0507+0.002 (Ref. 7). 

(15) The results of various measurements given in Tables 1, 2, and 4 do not 
differ more than +0.0005 from the mean. 

Some of them are definitely lower than +0.002; probably +0.004. 
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Table 5. 
dtg/dP (°C./mm.) 
————————————— 
B.p. (°C.) Obs. Cale. Ref.* 
Mercury 356.8 0.0754 0.0735 16 
Sulfur { 444.53 0.0820 0.0830 16 
) 444.55 0.0908 
Sodium 878 0.153 0.131 12 


Accuracy uncertain. 


From the results given in this paper, some plausibility is lent to the 
following statements: (a) Relation (1) is, for practical purposes, 
accurate for expressing the change in the boiling point with a small change 
in pressure for most of the hydrocarbons over a wide range of tempera- 
ture (from —160 to 300°C); (b) Relation (1) is just as accurate as the 
“general” equation, or (9), but it has the great advantage that its ex- 
pression is very much simpler and linear; (c) The correction factors 
given in Table 3 are also quite good, but they seem to be inadequate at 
temperatures above 300°C. 

The first constant term in relation (1) has been reduced by 0.0005 
from the original 0.0350 found in (6) for the simple reason that, by 
this change, the deviations between calculated and observed for the hydro- 
carbons given in Table 2 are reduced materially. In view of the fact 
that the accuracy of the determination itself may not be greater than 
+0.002, the above change may not be significant; however, there seems 
to be evidence from the results of Tables 1 and 2 that there is a real 
difference, which amounts to about 0.0005, between dt,,/dP for branched 
and unbranched compounds. Unfortunately the available data are not 
sufficiently accurate to warrant a further discussion on this point. 

As is obvious from Fig. 1, the lines representing the “general” equa- 
tion (9), and relation (1) almost coincide with each other although the 
former is not a linear equation. This is due to the circumstance that 
log;)»7,, changes only from 2.23830 to 2.75820 for the change in 7), from 
173.1 to 573.1°K. 

dt,,°C./dP,,,,. for other compounds, containing halogen, nitrogen, and 
oxygen, have been similarly treated, and it is indicated that relation (1) 
is applicable not only to hydrocarbons but also to most of the substances 
without hydrogen bonding. A more detailed discussion of the problem 
will be given later. 


Summary. 


An empirical relation, 


dt, °C. 


= 0.0345 + 0.00011 t, , 
dP rom. 


for calculating the change in the boiling point with a small change in 


(16) Landolt-Boernsteins Tabellen, 1327 (1923). 
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pressure has been derived. It has been found that the equation is 
applicable to most of the hydrocarbons, with their boiling points ranging 
from —160 to 300°C., with a maximum deviation of about +0.002. 

A comparison of this equation with the others found in the literature 
has been made, and it has been found that the relation is just as accurate 
as some of the more complicated ones proposed. 


The Central Laboratory, 
South Manchuria Railway Company, Dairen. 





Electrolytic Reduction of Nitriles. 


By Masaki OHTA. 


(Received August 31, 1942.) 


In order to study the electrolytic reduction of nitriles with platinum 
cathode covered with palladium, the present author attempted the reduc- 
tion of typical compounds containing CN-group and found that they were 
readily reduced to the corresponding amines. 

The electrolytic reduction of nitriles has been reported only by a 
few workers.“’ One example’is described by Mr. T. Matukawa‘) in the 
case of 2-methyl-4-amino-5-cyano-pyrimidine, which is reduced in acidic 
solution with platinum cathode covered with palladium to 2-methyl-4- 
amino-5-aminomethyl-pyrimidine hydrochloride. The author applied this 
method to other compounds containing CN-group and found that they 
were comparatively readily reduced. Moreover, some nitriles, e.g., malo- 
nitrile, ethylenecyanohydrin, cyanoacetic acid, which are difficult to 
reduce by the ordinary reduction methods, could be readily reduced with 
electrolytic reduction. 

In Table 1, the nitrile used, and their reduction products and yields 
are summarized. The reduction products were identified as free bases, 
hydrochlorides or their suitable derivatives by comparing their melting 
points or boiling points with what is described in the literature and by 
analysis. 

Among these, the reduction of malonitrile and ethylenecyanohydrin 
have never been attempted, but by electrolytic reduction the author 
obtained trimethylenediamine hydrochloride and y-oxypropylamine respec- 
tively. $-Alanine has been obtained by Hofmann’s reaction from suc- 
cimide™), but by electrolytic reduction it ean be readily obtained from 
cyanoacetic acid and it seems to be an excellent method of preparing 
p-alanine. 





(1) K. Ogura, Memoirs of the College of Science of Kyoto Imperial University, 
12(1929), 339 

(2) TT. Matukawa, Jap. Pat. No. 133464 (1939). 

(3) Hoogewerff and Van Dorp, Rec. trav. chim., 10(1893), 4. 
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Table 1. 
N:trile Reduction products Yield (%) 

I CH;CN CH,CH.NH. 100 

II o-CH;-C,H,CN o-CH;-CgH,CH.NH: 40 
II] C,H;-CH.CN C,H,-CH.CH.NH, 75 
IV CN-CH.-CN NH.(CH.);NH: 50 
Vv CN -CH,-CH.-CN NH.(CH.),NH. 70 
VI CN(CH.),CN NH.(CH.),N Hp 40 
VII CN-CH.-CH.«-OH NH.-CH.-CH.-CH2-OH 30 
VIII CN-CH.-COOH NH.-CH. CH.-COOH 40 


In the present experiments the author adopted nearly the same condi- 
tion, but it is obvious that the condition of electrode, current density, 
concentration of acid in catholyte, temperature etc. have great influences 
on the vield, and it is expected that the vield described in Table 1 might 
be greately increased. Indeed, in some cases, the formation of ammonium 
chloride in the reduction products was observed. According to Braun,‘ 
the mechanisms of reduction of nitrile are formulated as follows: 


+2H 
(A) R-CN + 2H — R-CH:NH (IX) >» R-CH,-NHe (X) 
NE +-2H 
(B) R-CH:NH + R-CH.NH, — R-CH< (XI) ——> R-CH.NHCH,-R (XII) 


Nitrile is at first reduced to aldimine(IX) which is further reduced to 
primary amine(X). (X) may react with the aldimine yielding an addi- 
tion compound (XI), which is unstable and by further reduction and loss 
of ammonia produced secondary amine(XII). Hartung) reported that 
the formation of secondary amine can be suppressed by carrying out the 
reduction in the presence of hydrochloric acid which fixes the resulting 
primary amine as hydrochloride. 

The author has also carried out the reduction in the presence of 
mineral acid; even when the formation of ammonium chloride was occa- 
sionally observed. Studies concerning the problem whether the formation 
of ammonium chloride is due to the above mentioned mechanisms or to 
the hydrolytic decomposition of nitrile are in progress. 


Experimental. 


General Procedure of Reduction. The apparatus for reduction 
consists of (i) a 200 c.c. beaker as an electrolytic bath; (ii) platinum wire 
net (150 cm.") as cathode; (iii) platinum wire as anode; (iv) a porous 
unglazed porcelain cylinder as a diaphragm. Preparation of cathode: 
A mixture of 50c.c. of water, 10 c.c. of concentrated hydrochloric acid 
and a solution of 0.5—1 g. of palladium chloride in a little dilute hydrochloric 
acid are used as catholyte and electrolyzed at room temperature (current 
density: 0.02 amp./cm.*). The colour of palladium chloride having dis- 
appeared, the catholyte was taken out and then reduction was carried out. 





(4) v. Braun, Ber., 56(1923), 1988. Cf. T. Hoshino, J. Soc. Chem. Ind. Japan, 


44(1941), 1085. 
(5) Hartung, J. Am. Chem. Soc., 50(1928), 3370. 
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A solution of a nitrile in dilute hydrochloric acid (when the nitrile 
was sparingly soluble in water, it was dissolved by adding glacial acetic 
acid) was used as catholyte and reduced electrolytically. The bath was 
cooled with ice water from outside. When the reduction was not smooth, 
a small amount of palladium chloride solution was added to the catholyte. 
Dilute hydrochloric acid was used as anolyte. After reduction the 
catholyte was taken out and evaporated to dryness in vacuum and the 
residual amine hydrochloride was identified as such or as a suitable 
derivative. 


(1) Reduction of acetonitrile. Catholyte: 1g. of acetonitrile was 
dissolved in 50 c.c. of 8% hydrochloric acid. Anolyte: dilute hydrochloric 
acid. Current density: 3 amp./dm.*. Electrolysis was conducted at 15 
for two hours. The electrolyte was taken out after electrolysis, and 
evaporated in vacuum. 2g. of pure ethylamine hydrochloride was ob- 
tained. The yield was quantitative. The picrate melted at 169°. 


(II) Reduction of o-tolunitrile. Catholyte: 1g. of the nitrile was 
dissolved in a mixture of 50c.c. of glacial acetic acid, 10 c¢.c. of concen- 
trated sulphuric acid and a little water. Anolyte: 20% sulphuric acid. 
Current density: 2amp./dm.*. Temperature: 10.° After one hour and 
a half, the catholyte was concentrated in vacuum, made strongly alkaline 
with sodium hydroxide and extracted with ether. The ether extract was 
shaken with dilute hydrochloric acid. The hydrochloric acid solution was 
evaporated to dryness under reduced pressure. The residue was recrystal- 
lized from absolute alcohol by adding a little ether. 0.5 g. of o-tolubenzyl- 
amine hydrochloride was obtained, m.p. 217°. Found: N, 8.88. Caled. for 
C.H,.NCl: N, 9.07% 


(III) Reduction of benzylcyanide. Catholyte: 1g. of benzyl- 
cyanide was disolved in a mixture of 30c.c. of glacial acetic acid, 10 c.c. 
of water and 10c.c. of concentrated hydrochloric acid. Anolyte: 10% 
hydrochloric acid. Current density: 2amp. dm.*. Temperature: 10°. 
After two hours the catholyte was treated as described in general pro- 
cedure. 1g. of -phenylethylamine hydrochloride was obtained. Yield 
75°; m.p. 217°. Found: C, 61.05; H, 7.67. Caled. for CxH,;.NCl: C, 
60.95; H, 7.62‘. 


(IV) Reduction of malonitrile. Catholyte: 1 g. of malonitrile was 
dissolved in a mixture of 40c.c. of water and 10c.c. of concentrated 
hydrochloric acid. Anolyte: dilute hydrochloric acid. Current density: 
3.5 amp./dm.* Temperature: 8—-10°. After two hours’ electrolysis the 
catholyte was evaporated under reduced pressure, the residue was frac- 
tionally crystallized from alcohol. 0.3 g. of ammonium chloride and 1.1 g. 
of trimethylenediamine hydrochloride (m.p. 243-4°) were obtained. 
Yield 50%. Found: N, 18.91. Caled. for C.H,;.N.Cl.: N, 19.05%. 
Picrate: m.p. 216°, from dilute alcohol. 


(V) Reduction of succinonitrile. Catholyte: 1g. of nitrile was 
dissolved in 60 c.c. of 10% hydrochloric acid. Current density: 5 amp. 
dm.* Temperature: 10°. After one hour’s electrolysis, the catholyte was 
treated as in the reduction of acetonitrile. 1.4 g. of teramethylenediamine 
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hydrochloride was obtained, m.p. over 290°. Yield: 70%. Found: N, 
17.27. Caled. for CysHisNoChk: N, 17.33%. 


(VI) Reduction of adiponitrile. The reduction was conducted 
under the same condition as in the reduction of succinonitrile. From 
1g. of the nitrile 0.7¢g. (40%) of hexamethylenediamine hydrochloride 
was obtained, m.p. 246°. Found: N, 14,60. Caled. for C,H,,N.Cl.: 
14.81%. 


(VII) Reduction of ethylenecyanohydrin. Catholyte: 10g. of 
ethylenecyanohydrin was dissolved in 90c.c. of 7% hydrochloric acid. 
Current density: 4amp./dm.?.. Temperature: ca. 10°. After nine hours’ 
electrolysis, the catholyte was evaporated under reduced pressure and the 
residue was dissolved in absolute alcohol containing a little absolute ether. 
A small amount (0.9 g¢.) of ammonium chloride was filtered off and the 
filtrate was neutralized with alcoholic sodium hydroxide, filtered from 
sodium chloride and the solvent was distilled off. The residue was first 
distilled under reduced pressure. The fraction which distilled over at 
105-110° under 25mm. was redistilled under ordinary pressure. 3g. 
(30%) of y-hydroxypropylamine was obtained. The boiling point was 
185-189°.“ For the purpose of identification 1 g. of the hydroxyamine 
was dissolved in water, and shaken with 3g. of phenylisocyanate. 
The reaction occurred instantly and white precipitate was produced. 
After ten minutes, the precipitate was collected and recrystallized at first 
from water, then from dilute alcohol, m.p. 140°. Found: N, 13.51. Caled. 
for C,;H;NHCONHCH.CH.CHsOCONHC,H;: N, 13.41%. 


(VIII) Reduction of cyanoacetic acid. Catholyte: 2g. of cyano- 
acetic acid was dissolved in 60c.c. of 10% hydrochloric acid. Current 
density: 2amp./dm*. Temperature: 8-10°. After 3 hours, the catholyte 
was evaporated under reduced pressure, the residue was dissolved in a 
small amount of absolute alcohol, and ether was added. 1g. of /-alanine 
hydrochloride (m.p. ca. 120°) was obtained. It was identified as a 
phenylisocyanate derivative as follows: 1 g. of the product was dissolved 
in sodium hydroxide solution (0.7g. NaOH) and shaken with 1g. of 
phenylisocyanate. White precipitate which was instantly produced was 
collected and recrystallized from hot water, m.p. 171°. Analysis shows 
that this is the known y-ureidopropionic acid™. Found: N, 13.55. Caled. 


4 


for C,o9H120;N2: N, 13.46%. 

In connection with this research the author expresses his sincere 
thanks to Dr. T. Hoshino for his kind guidance and also to Mr. H. Kawa- 
sumi for analysis and to Mr. C. Koyama for his collaboration in this 
research. 


Department of Organic Chemistry, 
Tokyo University of Enginzering. 





(6) According to Henry, Ber., 33(1900), 3169 the boiling point of y-hydroxy- 
propylamine is 187-188°/756 mm. 
(7) Hoogewerff and Van Dorp, Rec. trav. chim., 9(1890), 60. 
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On the Radon Content of the Mineral Springs of Masutomi. 


By Kazuo KURODA and Masaki NAKANISHI, 


(Received November 10, 1942.) 


In the previous papers,“ S. Oana and one of the present authors 
(K. Kuroda) reported the radon content of the mineral springs of Masu- 
tomi, Yamanasi Prefecture. In those papers they reported that the springs 
belonging to the group A contained a large amount of radium, but their 
radon content was always very low.“ The present authors, however, 
measured recently the radon content of the springs of group A, and 
found a number of springs containing an exceedingly large amount of 
radon. 

There are several springs on the river Hontani (A6, A7, A8, AQ, etc.). 
The springs issue from the granite and produce a splendid sinter in which, 
according to G. Schwabe, various organisms are found, and supposed 
to be deposited by the biological reactions. The author (Kuroda) measured 
the radon content of the spring A6 in May, 1942 and found that its radon 
content was 600x10-'° Curie per litre. The springs A7 and A8& were 
abserved by G. Schwabe and found to be very interesting biologically. 
The author, however, did not measured their radon content, and deter- 
mined only the temperature, pH, HCO;’ and CO. contents of the spring 
water. 

The radon content of the springs A8 and A9 was measured on 1 
November, 1942, a rainy day, and it was found that the radon content of 
both springs was larger than 1000 Mache. As it was rainy on that day, 
and moreover, there was a small spring quite near to the spring A9 which 
flows into this spring, it was supposed that the radon content of the springs 
A8 and A9 would be really larger than the value obtained at that time. 
We measured then the radon content of A92, a small spring flowing into 
the spring A9, and found that its radon content was about 663 Mache, 
considerably smaller than the radon content of A9 measured on the 
previous day. 

The radon content of the spring A9 was therefore expected to be far 
larger than 1000 Mache, so we measured on the next day the radon content 
of the spring water of A9, which was not mixed by the water of A92. 

A 10c.c. portion of the spring water was diluted with distilled water 
to 500c.c. and the radioactivity was measured by I. M. fontactoscope. 
The constant of the fontactoscope was 0.585 Mache radon per div. per 


(1) S. Oana and K. Kuroda, this Bulletin, 15(1940), 485. 

(2) S. Oana and K. Kuroda, this Bulletin, 17(1942), 397. 

(3) S. Oana and K. Kuroda, this Bulletin, 17(1942), 414~—415. 

(4) The results of biological observations will be published shortly after in the 
.,Mitteilungen der Deutschen Gesellschaft fiir Natur- und Vélkerkunde Ostasiens“, 
together with our geochemical observations. 
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min. or 2.129x10-'’ Curie radon per div. per min. The velocity of the foil 
of the fontactoscope was about 50 div. per min. 

The radon content of this spring was found to be 1930 Mache or 
703010-'" Curie per litre. This is the highest value ever observed in this 
country, and the fourth in the world. 

On the following day the radon content of this spring water was 
measured once more, and was found that its radon content diminished 
down to 1490 Mache. It is quite interesting to ascertain the phenomenon 
that such a large variation of the radioactivity of the spring water was 
caused by the effect of the rain. The experiments on such a phenomenon 
are now planned and the results will be reported later. The radon content 
of all the newly found springs of A group is very high. 


The authors express their hearty thanks to Prof. Kenjiro Kimura 
for his kind guidance in the course of this study. The cost of this research 
has been defrayed from the Scientific Research Encouragement Grant 
from the Department of Education, to which the authors’ thanks are due. 


Chemical Institute, Faculty of Science, 


Imperial University of Tokyo. 


(5) George Hevesy and F. A. Paneth, A Manual of Radioactivity,’ London, 
(1938), 227. 








